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Foraging in uncertain environments requires balancing the risks associated with finding alternative
resources against potential gains. In aridland environments characterized by extreme variation in
the amount and seasonal timing of primary production, consumer communities must weigh the
risks associated with foraging for preferred seeds that can be cached against fallback foods of low
nutritional quality (e.g., leaves) that must be consumed immediately. Here we explore the influence
of resource-scarcity, body size, and seasonal uncertainty on the expected foraging behaviors of
caching rodents in the northern Chihuahaun Desert by integrating these elements with a Stochastic
Dynamic Program (SDP) to determine fitness-maximizing foraging strategies. We demonstrate
that resource-limited environments promote dependence on fallback foods, reducing the likelihood
of starvation while increasing future risk exposure. Our results point to a qualitative difference
in the use of fallback foods and the fitness benefits of caching at the threshold body size of 50g.
Above this threshold the fitness benefits are greater for consumers with smaller caches, affirming
empirical observations of cache use among rodents in such dynamic environments. This suggests
that larger-bodied consumers with larger caches may be less sensitive to the future uncertainties in
monsoonal onset predicted by global climate scenarios.
Introduction
To survive, consumers must take risks as they seek re-
wards. The strategies they employ must account for both
the immediate costs of today, as well as the uncertainties
of tomorrow. This entails weighing the costs and bene-
fits of foraging in a temporally and spatially stochastic
environment, conditioned on the energetic state of the
individual [40]. While the rewards are energetic and ulti-
mately reproductive, the risks include exposure to preda-
tion and the potential that resources are not found such
that foraging effort is wasted.
The potential fitness gains provided by specific re-
sources must be weighed in terms of their availability
[10], energy density [22], macronutrient content and stoi-
chiometry [55], and the mechanical and chemical costs as-
sociated with processing and digestion [20, 37, 39, 47, 66].
During times of plenty the quality of easily found re-
sources may be prioritized, whereas during times of
scarcity resource availability may be expected to play
a larger role. As such, resources can be categorized in
terms of preference, where preferred foods are those tar-
geted when all resources are available, and non-preferred
fallback foods are those consumed when preferred foods
are less available.
While food preference is a well-understood concept,
often less appreciated is the importance of those re-
sources targeted during critical-use times when preferred
high-quality resources are limiting [31, 64]. During
these periods, consumers generally fall back on resources
that are otherwise underutilized, which may be due to
differences in energy density, abundance, or the direct
(e.g. predation) or indirect risks (e.g. competition)
associated with acquisition or assimilation. Such foods
are sometimes referred to as keystone resources [33],
however this term is problematic because it has conno-
tations with community stability and the assumption
that a keystone resource’s out-sized role varies inversely
with its abundance [16]. To avoid this confusion, we
refer to these resources as fallback foods, a term oft-used
in primate ecology and paleoanthropology to describe
those foods “of low preference and high importance"
[32, 42]. While fallback resources may be utilized only
rarely, they are vital for ensuring survival during hard
times.
“Where he can’t save a cent and his whole life is spent /
Just waitin’ for the hard times to go"
-Dave Alvin (Interstate City, 1996)
To ‘save’ for a terrestrial consumer means to accumulate
energy either endogenously as fat in the form of adipose
tissue, or exogenously in a cache [54]. Because small
mammals can save proportionately smaller amounts of
fat on their bodies than larger mammals, they operate
closer to the starvation threshold [21, 34, 67], meaning
that hard times are never far away. The limited storage
afforded to smaller mammals means that they are more
sensitive to spatio-temporal fluctuations in resource
availability. Caching food resources can buffer against
this foraging uncertainty, and is a particularly common
behavior employed by small mammals and passerine
birds [21, 54]. While many of the advantages of caching
have been explored previously [6, 24, 36, 41, 45, 61],
how this behavior advantages consumers of different
body sizes in highly seasonal environments, particularly
when seasonal transitions are uncertain, is not well
understood.
Desert ecosystems often support diverse and dynamic
small mammal communities in spite of low and unpre-
dictable resource availability [23]. These communities
exemplify how resource-limited ecosystems can support
consumers with a diverse range of life-history modes
and functional traits associated with resource procure-
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2ment. In the arid Sonoran and Chihuahuan Deserts of
the American Southwest, for example, Heteromyid ro-
dents are food-hoarding (caching) granivores that range
in body size from ∼ 5 − 150 g and have long gesta-
tion times and small litter sizes, but they typically out-
compete other species for high-quality seeds. In partic-
ular, larger species such as kangaroo rats (Dipodomys
spp.) use both scatter and larder-hoarding strategies to
store food in caches that can persist across seasons and
even years to provide reliable sources of food during pe-
riods of resource scarcity [52, 61]. Smaller heteromyids
such as the silky pocket mouse (Perognathus flavus) have
highly plastic diets that limit competitive overlap with
co-occurring species [48]. In contrast, Cricetids such
as deer mice (Peromyscus spp.) and grasshopper mice
(Onychomys spp.) do not generally cache food and thus
can only store energy endogenously, but often extract
resources from multiple trophic levels. With shorter ges-
tation times and larger litter sizes, Cricetids typically
have higher reproductive potential than sympatric Het-
eromyids [26].
The highly seasonal and inter-annual climate variabil-
ity in desert ecosystems provides an ideal system to quan-
tify the effects of resources on the functional and commu-
nity ecology of a diverse small mammal community. In
the northern Chihuahuan Desert of central New Mexico,
precipitation is bimodal, with, on average, 60% of annual
rainfall being delivered by the summer monsoon from
JulâĂŞOct. Monthly averages for more unpredictable
winter and spring precipitation are lower than the mon-
soon, while the driest and hottest period of the year is
typically in MayâĂŞJun. Another attribute of this sys-
tem is inter-annual variability in both the (annual or sea-
sonal) amount of precipitation and the timing of the tran-
sitions between seasons, which impacts consumer forag-
ing strategies of desert consumers [49]. Overall, environ-
mental variation is a common attribute of precipitation
regimes in arid ecosystems, and it is one reason why such
environments have served as the backdrop for field-based
experiments examining the influence of abiotic factors
such as precipitation and temperature on plant [43] and
consumer communities [14, 28, 46, 58].
These two distinct periods of annual precipitation pro-
duce resources of differing quantity and quality that can
be traced through the consumer community with car-
bon isotope analysis of primary consumer tissues and
the plant resources they utilize. Highly unpredictable
winter/spring rains fuel a spring period of C3 primary
productivity, namely annual forbs and perennial shrubs.
Later in the summer, a second more reliable period
of monsoonal precipitation drives the production of
C4 grasses and limited C3 growth. C3 and C4 plants
vary in their nutritional quality, energy content, and per-
sistence in the environment. The leaves of C3 plants are
more nutritious with higher nitrogen and digestible car-
bohydrate contents than C4 grasses [1, 2, 11–13]. In con-
trast, the leaves of C4 grasses are harder for consumers
to process and digest, but are more resistant to decom-
position [62] and may serve as a fallback food for rodents
during periods of resource scarcity.
Regional climate models predict rapidly increasing air
temperatures, significant decreases of 15âĂŞ20% in win-
ter precipitation, increased inter-annual variability in the
strength and onset of the summer monsoon, and higher
drought risk [17, 25, 53]. These directional shifts in
abiotic conditions could push some flora and fauna be-
yond their physiological or ecological limits for local occu-
pancy, but to date most studies on this topic have focused
on strict physiological tolerances to water limitation or
temperature [4, 43, 44]. Rodent consumers, whose lifes-
pans are generally on the order of ∼ 1 − 3 years, must
adopt foraging strategies to compensate and prepare for
this increased environmental variation that will likely im-
pact the phenology of resource availability. To what ex-
tent different foraging strategies may be best-suited to
absorb these changes is therefore of central importance
for understanding how small mammal communities in the
arid American Southwest will be influenced by future en-
vironmental changes.
Here we explore the influence of resource-scarcity, body
size, and seasonal uncertainty on the expected foraging
behaviors of caching rodents in the northern Chihuahuan
Desert at the Sevilleta National Wildlife Refuge. We in-
tegrate these elements using a Stochastic Dynamic Pro-
gram (SDP) to determine fitness-maximizing foraging
strategies, where a strategy is defined by the extent to
which different resource functional groups are targeted
within a heterogeneous and seasonal landscape. Our ap-
proach offers four important insights. First, we show
that environments characterized by resource scarcity pro-
mote consumer dependence on fallback foods that are
not cacheable (leaves), increasing risk exposure and lim-
iting the ability of a consumer to absorb the effects of
future hardship. Second, we observe that smaller con-
sumers generally rely on fallback foods to a greater ex-
tent, which limits their ability to maintain large caches
and buffer against future uncertainties in resource pro-
curement. Third, we find that while uncertainty in
seasonal transitions lowers consumer fitness across the
board, maintaining a larger cache can compensate for
these fitness detriments, though the extent of compensa-
tion depends strongly on both consumer body size and
resource availability. Because the onset of the mon-
soon season is expected to become less predictable as cli-
mate change progresses, the fitness advantage provided
to caching consumers may have large implications for the
future of the Sevilleta rodent communities in the Ameri-
can Southwest and other stochastic aridland ecosystems.
Finally, our results point to a qualitative difference in the
use of fallback foods and the fitness benefits of caching
at the threshold body size of ∼ 50 g. Above this thresh-
old the fitness benefits are greater for consumers with
smaller caches, affirming empirical observations of cache
use among rodents at the Sevilleta.
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Figure 1: An illustration of the model used to calculate
fitness-maximizing foraging strategies. Foraging strategies are
defined by targeting different resources i or by not foraging
and relying instead on cached reserves. A consumer target-
ing resource i approaches that resource with probability τ
regardless of distance, and the nearest resource with proba-
bility (1 − τ). The probability of potential energetic gains
in season s across this strategy-space ks{i, τ} are numerically
determined. Shown here are energetic return probability dis-
tributions for the monsoon season in both poor (low ρ; gray)
and rich (high ρ; black) states. The consumer may also choose
to not forage (nf), whereupon it relies on cached reserves. We
then examine how all possible strategies (f{i,τ}, nf) change
lifetime fitness by altering the consumer’s fat stores X and
cache reserves Y . The fitness-maximizing foraging strategy is
determined by the rules of SDP.
Methods
We use a Stochastic Dynamic Program (SDP) to quan-
tify the fitness-maximizing foraging strategies of rodent
consumers as a function of i) endogenous (on-board) en-
ergetic reserves stored as body fat X = x, ii) exogenous
(off-board) energetic reserves stored in a cache Y = y,
and iii) the day d in season s over a year defined by a
pre-, full-, post-monsoonal seasonal transition. We main-
tain this notation, upper case for random variables and
lower case for specific values, for all stochastic quantities.
First we will describe how we simulate consumer-resource
interactions within a particular foraging bout across het-
erogeneous resource landscapes. The results from this
simulation will be used to numerically estimate a proba-
bility distribution describing energetic returns for a con-
sumer implementing a specific foraging strategy. Second,
we will show how the energetic returns that result from a
particular foraging strategy contribute to the dynamics of
the consumer’s energetic state, defined by the amount of
fat and cache stores accumulated by the consumer over
the drmmax days and smax seasons of the year. Third,
we will describe how these dynamics are integrated into
a fitness equation, which will allow us to determine the
fitness-maximizing foraging strategy for a consumer as a
function of its energetic state (X = x, Y = y) and time
of year (d, s). See fig. 1 for a conceptual illustration of
the modeling framework.
Energetic returns within a foraging bout
In our framework, consumers forage in an environ-
ment where there are four resource functional groups:
C3 leaves, C3 seeds, C4 leaves, and C4 seeds, where a
resource i has a unique mean density µi characteristic of
the pre-/post-, and full-monsoon seasons. Resource mean
densities (g m−2) were estimated from seasonal transects
as part of the Sevilleta LTER monitoring effort (table 1).
Rodent consumers are central-place foragers with rela-
tively small home-ranges that are spatially constrained
by competition. Because an individual consumer can
cover the same ground multiple times within a forag-
ing bout, resource availability is assumed to scale with
home-range area, such that larger home-ranges promote
increased resource availability and, by extension, higher
effective densities and encounter rates. In contrast, the
number of resources intercepted by a forager uncon-
strained by a central-place would be expected to scale
with velocity rather than home-range area.
To consider central-place consumers of different body
sizes foraging over home-ranges of different areas, we set
the mean encounter rate as mi = ρµiM3/4 for resource
i, where the unitless ρ scales environmental richness for
all potential resources. Lower values of ρ correspond to
poor environmental conditions, such that all resources
in each season are less common – though their relative
availability does not change – whereas higher values of
of ρ correspond to rich environmental conditions. Each
resource i is distributed according to a mean encounter
rate mi and dispersion αi, where lower values of α corre-
spond to patchier distributions. Because we are consid-
ering resources that are expected to have similar spatial
clustering, we set α = 10 for C3 and C4 leaves and seeds.
We show in the Supplementary Materials that alterna-
tive values of α, as well as the scaling of home-range area
with body size, do not have a significant influence on our
results (appendix A).
We estimated energetic return distributions for each
foraging strategy. A foraging strategy is defined by the
targeting of a preferred resource i with probability τ
or the closest resource j with probability (1 − τ). The
distance from the consumer to a resource i is drawn
from an exponential distribution with mean 1/Λi, where
the random variable Λi ∼ Gamma(αi,mi/αi). A chosen
resource is approached by the consumer with body mass
M by a velocity v (∝ M0.21), after which the consumer
4moves on to the next resource based on the next set of
independently drawn distances (see fig. 1). Metabolic
costs during the foraging bout follow the field metabolic
rate, whereas metabolic costs are assumed to follow the
basal metabolic rate for the remaining time in the day
(see table 2). This foraging process repeats until the
temporal window of the bout has closed. As resources
obtained during a foraging bout are assorted, they are
added to fat reserves X and/or to the cache Y , where we
record the proportional contribution of each resource to
the total kJ return as pii, and in particular those that are
cacheable as picache = piC3 seeds + piC4 seeds. Importantly,
the potential kJ return of a bout in season s, Ks, is
proportional to the energy density gi of each found
resource i (table 1), such that Ks = N
∑
i piigi, where
N = n are the g of resources gathered in a bout. By
simulating 106 independent replicate bouts, we calculate
the probability p(Ks = ks) of gathering a potential
energetic return of ks kJ for a given foraging strategy in
season s.
Foraging strategies
The complete set of alternative foraging strategies that
we explore includes 1) not foraging and relying instead
on cached reserves, 2) foraging without preference for
specific resources, and 3) targeting each of the four
resource functional groups with increasing preference
(fig. 1). Fitness is evaluated across different foraging
strategies, where resources i are targeted with weights
τ ; if a resource i is targeted with weight τ , the consumer
approaches its preferred resource with probability τ
regardless of distance; with probability (1 − τ), the
consumer approaches the nearest resource. We consider
3 targeting options for each of the 4 resource groups,
where targeting weights range from partial targeting
(τ = 0.5, 0.75) to complete targeting (τ = 1) on each
of the resources. If no resources are targeted, the
consumer approaches and consumes/gathers the closest
resource, and its final cumulative returns will mirror
the environmental resource distribution. If a resource
is targeted at τ = 1, the consumer ignores all resources
except that which it is targeting. Given the targeting
weights τ = (0.5, 0.75, 1.0), the universe of foraging
behaviors includes 14 options: stay home and consume
cache, forage without targeting, and forage according to
the 3 targeting weights for each of the 4 resources (fig. 1).
Consumer state dynamics
We assumed a consumer of mass M to have an on-
board energetic storage equivalent to its allometrically-
determined fat mass in addition to 10% of its muscle
mass, assuming an energy density of 20 kJ g−1 [27, 56]
(see table 2 for allometric relationships). We scaled the
units of the consumer’s fat reserves such that the max-
imum storage xmax = 20, whereas the critical value at
which starvation occurs is xcrit = 1. In contrast, the
maximum size of the cache is set to last a consumer half
a season (50 days), and, unlike fat stores, does not involve
a critical value resulting in mortality.
When an organism chooses not to forage (denoted by
the subscript ‘nf’) and instead relies on its cache for re-
plenishment,
Xnf(d+ 1) = X(d)− cnf + cachemin[xstm, Y (d)]
Ynf(d+ 1) = Y (d)(1− δ)−min[xstm, Y (d)] (1)
where xstm is the limit (in kJ) of the consumer’s stomach,
δ is the decay rate of the cache, cache is the digestibility
of seeds, and the energetic cost cnf = bbasaltday given that
tday is the number of hours in a day. If the consumer stays
home, the energetic cost is relatively low, and it fills its
stomach with the digestible portion of its cache. The
cache is depleted by the amount eaten by the consumer
as well as per-period decay.
A consumer foraging (denoted by the subscript ‘f’)
with a targeting weight τ on resource i, obtains a po-
tential energetic return ks{i, τ} with probability p(Ks =
ks{i, τ}). Given this potential return, the fat and cache
stores change as
Xf(ks{i, τ}, d+ 1) = X(d)− cf +
n=4∑
j=1
jpijmin[xstm, ks{i, τ}],
Yf(ks{i, τ}, d+ 1) = Y (d)(1− δ) + min[xchk, picache(ks{i, τ} −min[xstm, ks{i, τ}]︸ ︷︷ ︸
remainder
)] (2)
where the energetic cost cf = bfieldtbout + bbasal(tday −
tbout) given that tbout is the number of hours in a
foraging bout, and xchk is the kJ limit of the consumer’s
cheek pouch. In words, if the consumer forages it
fills its stomach with its energetic returns and saves
the cacheable portion of the remainder, limited by
5the storage capacity of its cheek pouches. While the
found resources fills the consumer’s stomach irrespec-
tive of digestibility, only the digestible portion can
be added to fat reserves. Moreover, only the propor-
tion of the energetic return attributable to seeds is
cacheable (picache), and the cache grows by the amount
the consumer returns in its cheek after it fills its stomach.
Fitness-maximizing foraging strategies
Fitness can be interpreted as the probability of survival
during a non-breeding interval of length dmaxsmax where
dmax = 100 is the length of each season (in days), and
smax = 3 is the number of seasons in the year. We define
the terminal fitness function for the last day/season of
the year for a consumer, which is assumed to increase
symmetrically with both fat and cache reserves, such that
Φ(x, y, d = dmax, s = smax) =
{
x+cachey
xmax+cacheymax
if x > xcrit
0 if x = xcrit.
(3)
For times previous to the terminal time, we define the
fitness function
F (x, y, d, s) = max E {Φ(X(dmax, smax), Y (dmax, smax)|X = x, Y = y)} , (4)
where the maximization selects the foraging behavior
that maximizes fitness given fat and cache reserves dur-
ing day d of season s. For time periods prior the terminal
time, an organism must both survive and select the fit-
ness maximizing foraging strategy given the stochasticity
of energetic gains. If the daily mortality probability is
mnf for a consumer that stays home and mf if the con-
sumer forages (where we assume that mnf < mf), then
F (x, y, d, s) satisfies the equations of SDP such that
F (x, y, d, s) =max
[
(1−mnf)F{xnf , ynf , d+ 1, s}︸ ︷︷ ︸
stay home
,
max
(i,τ)

Ωi,τ (xf ,yf ,d+1,s)︷ ︸︸ ︷
(1−mf)
kmax∑
k=kmin
p(ks{i, τ})F{xf(ks{i, τ}), yf(ks{i, τ}), d+ 1, s}

︸ ︷︷ ︸
target resource i with weight τ

(5)
where seasons are coupled, such that the consumer’s fit-
ness on the last day of season s is a function of the con-
sumer’s fitness on the first day of season s + 1. In this
framework, seasonal transitions are deterministic and im-
mediately result in changes to resource distributions.
To implement uncertainty in seasonal transitions, we
assume that there is an increased probability that a mon-
soonal environment will transition to a pre-/post- mon-
soonal environment, or that the pre-/post- monsoonal
environment will transition to a monsoonal environment
as d → dmax. If s′ represents the alternative season, we
assume that the probability of transition p(s → s′|d, σ)
increases with each day to a maximum value of p = 1/2
at d = dmax. As such, the uncertainty in transitions
between seasons is more severe with larger σ, and deter-
ministic if σ  1. With seasonal transition uncertainty,
the fitness equation becomes
6F (x, y, d, s|σ) =max
[
(1−mnf)F{xnf , ynf , d+ 1, s}, (6)
max
(i,τ)
[(
1− p(s→ s′|d, σ)
)
Ωi,τ (xf , yf , d+ 1, s) + p(s→ s′|d, σ)Ωi,τ (xf , yf , d+ 1, s′)
]]
,
where we use the Ω notation defined in Eq. 5.
Results & Discussion
When to Cache and When to Fallback
We first assessed general consumer behavioral trends
over a pre- to post-monsoonal seasonal transition. This
seasonal pattern is a simplification of the spring (pre-
monsoon), summer (full-monsoon), fall (post-monsoon)
transition characterizing the main pulse in primary pro-
ductivity in the Sonoran and Chihuahuan Desert each
year. Behavioral trends were assessed by calculating the
proportion of consumer states resulting in active forag-
ing or relying on cached resources, averaged over both
the consumer’s fat stores and cache reserves indepen-
dently (fig. 2). Assuming deterministic transitions be-
tween seasons, we find that consumers employ four pri-
mary foraging strategies depending on season and envi-
ronmental condition. We define these strategies by com-
binations of two sets of alternative foraging modes: i)
fallback versus replenish: whether foraged foods consist
of fallback resources (F), or those that can be used to re-
plenish the cache (R), and ii) use versus save: whether
cached resources are used (U) or saved (S) against future
hardship. We assessed when these strategies were imple-
mented across the pre-, full-, and post-monsoon seasonal
transition in both resource-poor (low ρ) and resource-rich
(high ρ) environments.
When the environment is poor and resources are diffi-
cult to find, more conservative strategies are promoted.
The strategy in which fallback resources are consumed
and cached resources are saved (fallback and save: F&S)
is only used when fat storage is very high, and by the
avoidance of using cached resources (fig. 2A,B). Under
these conditions, only fallback foods are targeted (fig.
3A). Fallback foods (leaves) are more common but have
lower energy density and are not cacheable, such that
they can only replenish body reserves. These qualities
mean that such foods are not preferred, and in turn never
heavily targeted (fig. 3B), allowing for the opportunistic
incorporation of more preferred foods (seeds). We ob-
serve this strategy during the pre-monsoon season in poor
environments, where the consumer faces a year of survival
in an unforgiving landscape. The fallback and use (F&U)
strategy is similar in that foraging for fallback foods is
Figure 2: The proportion of states that result in active
foraging versus not foraging and relying on cached reserves.
Values range from 100% states that result in actively forag-
ing (white) to 0% (dark blue). 0% active foraging implies
100% relying on cached reserves. To observe the dependence
of foraging/not foraging strategies on consumer fat (X) and
cache (Y ) states as well as environmental richness, values are
(top-left) averaged across cache states in poor environments,
(bottom-left) averaged across fat states in poor environments,
(top-right) averaged across cache states in rich environments,
and (bottom-right) averaged across fat states in rich envi-
ronments. Note that the color scale is logged to emphasize
smaller differences in consumer strategies.
only carried out when consumer fat stores are high, but
differs in that cached resources are used if available (figs.
2A,B). We observe this strategy in poor environments
during the post-monsoon season, where conserving cache
savings carries little reward as the consumer approaches
the time at which fitness is assessed (i.e. the terminal
time dmaxsmax).
When resources are more abundant, consumers can ei-
ther take advantage of food abundance in the present, or
prepare for future hard times. In rich environments dur-
ing the pre- and post-monsoon seasons, consumers adopt
a replenish and use (R&U) strategy where the cache is
used if it is available and replenished if it is not (figs.
2c,d). In these cases, only cacheable seeds are targeted
(fig. 3c,d). Finally, monsoon conditions are character-
ized by not only greater densities of C4 foods but greater
resource abundance overall, such that the risk of foraging
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Figure 3: Top Row: Proportion of foraging states targeting
different resources in poor (left) and rich (right) environments.
Targeting options include 1) none (gray), 2) C3 leaves (red),
C3 seeds (blue), C4 leaves (green), C4 seeds (purple). Bot-
tom Row: Proportion of foraging states that employ different
targeting weights in poor (left) and rich (right) environments.
Targeting weights range from none (τ = 0; dashed gray) to
perfect targeting (τ = 1; black).
and returning with an empty stomach is lower. During
the productive monsoon season in both rich and poor en-
vironments, consumers adopt a replenish and save (R&S)
strategy where foraging occurs liberally unless fat stores
are very low, and the cache is not used unless cache stores
are very high.
Short-term hoarding strategies used by Carolina chick-
adees (Poecile carolinensis; Paridae) demonstrated that
foraging to replenish cache stores is expected to increase
as consumer fat reserves decline; when the consumer is
near starvation, effort is then redirected to restore body
fat [36]. Our model supports this expectation, but only
in the monsoon season when cacheable foods (seeds) are
common. In the pre- and post-monsoonal environments,
cacheable foods are rare, and this reverses the expected
pattern. During periods of resource limitation, we find
that foraging effort increases only when the cache is low,
or alternatively if consumer fat stores are high. In these
cases foraging effort is directed towards fallback rather
than cacheable foods.
Body Size and the Nature of Fallback Foods
While fallback foods can appear to play a small role
in diet, they may have a contrastingly large influence on
the evolution of traits facilitating acquisition [42, 60, 63],
and may even have played a prominent role in human
evolution [16, 31, 60, 65, 66]. However, a general the-
oretical understanding of how and when consumers uti-
lize fallback foods is lacking. At the Sevilleta, fallback
foods such as C3 and C4 leaves are targeted to replen-
ish fat stores when overall resource abundance is low.
Because the monsoon is characterized by overall higher
resource abundance, fallback foods are of primary impor-
tance during the pre- and post-monsoon seasons. Larger
mammals store a larger percentage of their body weight
as fat, such that fat mass scales superlinearly with body
mass [35, 67]. As a consequence, the risks faced by mam-
mals differs across body sizes, suggesting that the role of
fallback foods may vary as well.
Rodent species at the Sevilleta vary in body mass
by over an order of magnitude, from ∼ 8 − 10 g (e.g.
Perognathus) to ∼ 125 − 200 g (e.g. Dipodomys and
Neotoma). Altering consumer body size influences a
number of relationships in the foraging model, including
the total amount of fat a consumer can store (∝M1.19),
the metabolic costs associated with foraging and resting
(∝ M3/4), velocity (∝ M0.21), as well as the area used
to search for food (∝M0.75; table 2). We find that these
consumers utilize fallback foods to different degrees dur-
ing the pre-, full-, and post-monsoon seasons depending
on body size and environmental quality, which we suggest
has a number of important implications for the Sevilleta
rodent community in the context of future environmental
change.
First, we find that reliance on fallback foods is non-
linear across consumer body size (fig. 4). Smaller con-
sumers rely on fallback foods heavily, regardless of envi-
ronmental quality, and this is due to the unaffordable risk
of starvation associated with foraging for higher quality
seeds. However, this reliance is lessened for the small-
est (15 g) consumer in the poorest environment, where it
targets a larger proportion of higher quality seeds than
expected. That high-quality yet risky returns maximize
fitness for consumers near starvation – and small con-
sumers are closer to starvation than larger consumers –
supports both theoretical and empirical expectations for
risk-sensitive foraging [10, 18]. For all but the poorest
environments, a greater reliance on fallback foods means
that fewer energetic/cache states result in foraging be-
haviors that promote cache maintenance and replenish-
ment. Greater reliance on more ubiquitous foods lowers
the uncertainty associated with maintaining adequate en-
ergetic reserves, and this becomes more important for
smaller consumers with lower percent body fat. Given
that smaller consumers have a limited energetic toler-
ance, and cannot afford to conserve a substantial cache,
it is likely that additional sources of uncertainty may dis-
proportionately impact these species.
Intermediate to large consumers (30-200 g) tend to tar-
get preferred foods for a greater proportion of energetic
states, but increase their reliance on fallback foods as
environmental conditions deteriorate. That smaller con-
sumers rely more heavily on fallback foods over a larger
range of environmental conditions is in general agreement
with recent work showing that resource homogeneity pro-
vides greater fitness gains to smaller consumers, whereas
larger consumers can more readily target resources that
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Figure 4: Proportional reliance on fallback foods (non-cacheable C3 and C4 leaves) as a function of environmental richness ρ,
averaged over both fat and cache states as well as days for each pre- (left), full- (center), and post-monsoon (right) season.
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Figure 5: The difference in fallback food reliance (as measured in fig. 4) between environments with uncertain seasonal
transitions (σ = 20) and those with deterministic seasonal transitions (σ ≈ 0). Reliance is averaged over both fat and cache
states as well as days for each pre- (left), full- (center), and post-monsoon (right) season. Positive values mean that consumer
states in environments with deterministic seasonal transitions target more fallback foods; negative values mean that consumer
states in environments with uncertain seasonal transitions target more fallback foods.
are harder to find without high fitness costs [3]. In very
poor environments, larger consumers that have a higher
proportion of their body mass devoted to fat storage (e.g.
Neotoma) are expected to be less risk-sensitive. In these
cases, our model affirms general expectations that such
consumers target the lower quality, more ubiquitous fall-
back foods. Specifically to southwest desert ecosystems,
this prediction is in line with observations of Neotoma
dependence on lower quality leaves [29, 59].
The rodent communities of the American Southwest
have long inspired ecologists to ask: how do so many
species with seemingly overlapping niches coexist in
stochastic resource-limited environments [7]? We sug-
gest that diverse use of fallback versus preferred foods
among consumers of different body sizes, across the mon-
soon seasonal transition, may point to an important axis
of differentiation that separates consumer niches. While
some species are expected to target C3 or C4 seeds, others
are expected to target leaves or rely on their caches, and
these proclivities vary with fat and cache state, in addi-
tion to body size and time of year. When fallback foods
are targeted, consumers prioritize their fat stores over
cache maintenance and replenishment. It follows that
lowering reliance on fallback foods promotes a greater
proportion of energetic states devoted to targeting seed
resources, which by extension results in cache mainte-
9nance and larger cache sizes. That larger species main-
tain larger caches is a well-known phenomenon in di-
verse rodent communities, and may promote coexistence
of many species that share similar resources [51]. In-
deed, the two largest species at our field site, Dipodomys
spectabilis and Neotoma albigula, are known to rely heav-
ily on large caches [30].
Uncertain Seasons
We next examine how uncertainty in seasonal transi-
tions, which is predicted to increase with climate change,
impacts the expected foraging behaviors of rodent con-
sumers. We find that elevated uncertainty in the tim-
ing of seasonal transitions (σ = 20) has three impor-
tant effects on the expected foraging strategies of rodent
consumers. First, as the uncertainty in predicting the re-
source landscape increases, alternative foraging strategies
dominate during the most uncertain periods of the year,
which in this case occur during the transitional periods
between seasons (e.g. May-June). Specifically, we find
that foraging without targeting a specific resource maxi-
mizes fitness in poor environments once the uncertainty
in the monsoonal onset begins (ca. day 80; appendix B),
and remains an important strategy until uncertainty in
the onset of the post-monsoon season ends (ca. day 220).
In rich environments, this foraging strategy is observed
to maximize fitness only when seasonal uncertainty is
highest (appendix B). Foraging without a targeted re-
source means that the forager only scans the environment
for the nearest resource, thereby minimizing travel costs
without regard to resource quality or cacheability. In en-
vironments without seasonal transition uncertainty, this
strategy is rarely fitness maximizing (fig. 3), indicating
that it is only worthwhile when resource distributions are
unpredictable.
Second, seasonal transition uncertainty lowers the rel-
ative importance of fallback foods. For consumers of all
body sizes, the targeting of fallback foods averaged over
energetic and cache states declines with increasing sea-
sonal transition uncertainty (fig. 5). In the pre-monsoon,
the decline in fallback food utilization is the most ex-
treme, especially for smaller consumers in intermediate
environments (fig. 5a). In the post-monsoon, the de-
cline in fallback food utilization is greatest for larger con-
sumers in poorer environments (fig. 5c). This change in
the use of fallback foods with increasing seasonal transi-
tion uncertainty means that more effort is spent forag-
ing for cacheable resources that can be used to maintain
larger caches. Previous modeling efforts focused on daily
timescales have shown that increasing uncertainty in for-
aging returns leads consumers to build fat rather than
cache reserves [50]. In contrast, our results show that
longer-term uncertainty associated with seasonal tran-
sitions leads to strategies promoting cache maintenance.
That the largest redirection in effort is realized by smaller
species during the pre-monsoon season suggests that it is
these consumers most impacted by seasonal uncertainty,
however as we show next this can be measured directly.
Third, seasonal transition uncertainty reduces con-
sumer fitness, but the extent that fitness is reduced
largely depends on both the body size of the consumer,
and the size of its initial cache. To measure the effect sea-
sonal uncertainty has on expected fitness, we compare the
probability of survival for a consumer foraging in an en-
vironment with deterministic seasonal transitions at the
beginning of the year, F (x, y, d = 1, s = 1|σ ≈ 0), to that
of a consumer foraging in an environment with uncertain
seasonal transitions, F (x, y, d = 1, s = 1|σ = 20).
Our results reveal that while seasonal uncertainty low-
ers consumer fitness, a cache can compensate for these
negative effects (fig. 6). The cache size at which fitness
gains compensate for seasonal transition uncertainty de-
pends on both consumer body size and environmental
quality. In poor environments, the probability of sur-
vival is so low that when seasonal transitions are un-
certain, compensation is accomplished only if the cache
is > 60% the maximum value, which is approximately
equal to the amount needed to survive a single season
(100 days) (solid lines, fig. 6). Above this threshold,
additional cache reserves have an exponential effect on
fitness, fully compensating for the effects of seasonal un-
certainty. In contrast, the cache stores needed to com-
pensate for the detrimental effects of seasonal uncertainty
for consumers< 100 g must be much larger than the max-
imum allowed in our framework. Because such a cache is
unrealistically large for these consumers, we suggest they
will be most likely to suffer the fitness costs of seasonal
uncertainty.
In rich environments, the cache threshold required to
compensate for the negative effects of seasonal uncer-
tainty is much lower (dashed lines, fig. 6). In this case,
the fitness advantage of a larger cache is more gradual,
but again primarily benefits larger consumers, whereas
consumers < 50 g require close-to-maximum cache re-
serves for compensation. Together, our findings suggest
that while caches can compensate for seasonal transi-
tion uncertainty, they will provide a greater advantage
to larger consumers. While increased resource availabil-
ity is expected to increase the range of body sizes over
which the compensatory effects of a cache are realized,
the smaller consumers remain most prone to the fitness
costs of seasonal transition uncertainty.
[6] showed in a related model for willow tits (Poecile
montanus; Paridae) that even small amounts of cached
resources are expected to have a large impact on sur-
vival during hard times. Parids are scatter-hoarders, and
store seeds in both short-term and long-term stores that
require costly memorization and recall [5]. While we fo-
cus here on the dynamics of central-place caching (larder
hoarding), the rodents in the American Southwest prac-
tice both forms [52], and which strategy is utilized may
depend on the ability of a species to defend its cache [19].
Multiple models of hoarding behaviors for birds in the
family Paridae have shown that during resource-depleted
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environments with uncertain (σ = 20) versus deterministic
(σ ≈ 0) seasonal transitions as a function of the initial size of
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certain environments result in consumer fitness values lower
than those in deterministic environments. Solid lines: poor
environments; dashed lines: rich environments.
seasons, consumers redirect their efforts towards main-
taining greater body fat stores [6, 15]. While the risks
and demands associated with memorizing hidden caches
are less important for central place foragers, our results
support both of these findings. Seasons that bring hard
times require consumers to focus on body fat rather than
cache maintenance, and it follows that those species that
can endogenously store greater proportions of energy in
the form of body fat are expected to have a survival ad-
vantage, which we show is magnified when seasonal tran-
sitions are uncertain. Carrying more body fat may also
entail higher predation risks, and predation is a major
cause of mortality among desert rodents [57]. How such
top-down risks integrate with those explored here will be
the subject of future efforts.
Our model predictions point to a qualitative difference
in the use of fallback foods and the fitness benefits of
caching at the threshold body size of ∼ 50 g. Below this
threshold fallback foods play a significant role even in
richer environments, whereas above this threshold fall-
back foods are only utilized in very poor environments
(fig. 4). Moreover, for consumers below this thresh-
old caches must be very large – equivalent to the en-
ergy needed to survive half a season – to compensate
for uncertain seasonal transitions. Above this thresh-
old, the fitness benefits are much larger for caches that
are much smaller (fig. 6). This prediction affirms em-
pirical observations of cache use among rodents at our
Sevilleta field site in the northern Chihuahuan Desert.
For example, nearly all of the four species of commonly
caught food-caching granivorous Heteromyids are ≥ 50
g in body size, including three species of kangaroo rats
(Dipodomys spp.). The only exception is the small (8-
10 g) silky pocket mouse (Perognathus flavus). In con-
trast, the non-caching Cricetids that include members of
the Peromyscus, Onychomys, and Reithrodontomys gen-
era are well below this threshold and range in size from
∼ 2035 g. Body condition data show that the Cricetids
have body fat mass ranging from 8-12% of their body
weight, while the larger caching Heteromyids have body
fat estimates of only 4âĂŞ6%. Interestingly, Perognathus
have body fat estimates ( 8-10%) that are similar to that
of the slightly larger non-caching Cricetids, suggesting
that the smallest species in the community use a combi-
nation of stored fat and cached reserves to persist in this
uncertain resource landscape. Overall, our results sup-
port a size-dependent energetic basis for observed pat-
terns in caching versus non-caching foraging strategies
among members of the small mammal community in the
northern Chihuahuan Desert.
Hard times are not only expected to become ‘harder’
in a future defined by climate change, but more uncer-
tain as well. Consumers that make their living in ecosys-
tems where transitions between seasons are severe may
be more prone to the effects of these changes, particu-
larly when caches are relied upon to counter the effects
of uncertainty. Here we have shown that consumers in a
highly seasonal stochastic environment, characteristic of
many temperate regions around the world, enact forag-
ing strategies that utilize less available, nutrient-rich, and
cacheable (preferred) foods differently than those that are
more ubiquitous and non-cacheable (fallback), depending
on consumer body size and environmental quality. These
different strategies reflect the increased risk of starvation
faced by smaller consumers, where management of fat
reserves often surpasses cache management, and these
size-dependent effects are magnified by uncertain sea-
sonal transitions. Our framework suggests that it is the
smaller-bodied consumers that benefit least from main-
taining cached reserves, and are subject to the largest
fitness detriments associated with seasonal uncertainty.
Moving into an uncertain future where hard times are
the norm, there is much value in knowing which species
are most prone to the fitness costs of additional uncer-
tainty. In the northern Chihuahuan Desert, it may be
those species that can’t save a cent.
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C3 leaves C3 seeds C4 leaves C4 seeds Units
Mean density mpre/post 9920 1240 620 78 g m−2
Mean density mmonsoon 4650 581 15500 1938 g m−2
Energy density g 15 21 15 21 kJ g−1
Digestibility  33 75† 25 75† percent
† Also the value of cache
Table I: Resource characteristics.
Definition Parameter Units Ref.
Consumer fat state X = x kJ (var.)
Consumer cache state Y = y kJ (var.)
Day in year d n.a.
Season in year s n.a.
Consumer mass M g
Consumer fat mass 0.02M1.19 + 0.038M1.0∗ g 35
Tissue energy density 20 kJ · g−1 27, 56
Consumer homerange ∝M0.75† m2 1, 38
Consumer velocity v = 0.008M0.21 m s−1
Energetic gain K = k kJ
Resting metabolic rate bbasal = 0.018M3/4 watt · hrs 8
Field metabolic rate bfield = 0.047M3/4 watt · hrs 8
Time in bout tbout = 5 hrs
Energetic cost (nf) cnf = bbasaltday kJ
Energetic cost (f) cf = bfieldtbout + bbasal(tday − tbout) kJ
Stomach capacity xstm = 1.5cf kJ
Cheek capacity xchk = 1.5cf kJ
Richness ρ ∈ (2 · 10−5, 10−4) n.a.
Targeting weight τ ∈ (0, 1) n.a.
∗ We assume 10% of muscle mass can be consumed in addition to fat
† intercept determined by richness ρ
Table II: Parameter definitions.
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Appendix A: Sensitivity to dispersion and
home-range scaling
Resource dispersion To consider central-place con-
sumers of different body sizes that forage over home-
ranges of different areas, we set the mean encounter rate
to scale asmi = ρµiMa, where ρ determines environmen-
tal richness across all potential resources, and the home-
range scaling exponent is set to a = 0.75. Each resource i
is thus distributed according to a mean encounter ratemi
and dispersion αi, where lower values of α correspond to
patchier distributions. We estimate the distribution of
energetic returns numerically using a simulation where
the distance from the consumer to a resource i is drawn
from an exponential distribution with mean 1/Λi, where
the random variable Λi ∼ Gamma(αi,mi/αi). The ex-
pectation and variance of the distance from the consumer
to the next resource i, Ψi = ψi is thus
E{Ψi} = αi
mi(αi − 1) , (7)
Var{Ψi} = α
3
i
m2i (αi − 1)2(αi − 2)
.
If the dispersion is relatively large, such that resources are
spatially uniform, the effect of αi on the mean and vari-
ance is minimal, which approximate as 1/mi and 1/m2i ,
respectively. Because we are considering resources that
are expected to have similar spatial clustering, we set
αi = 10 for C3 and C4 leaves and seeds.
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Figure S1: Sensitivity of analysis on the dispersion parameter
α. For the model described in the main text, we use dispersion
values of 10 for all resources.
We examined the divergence of model results as a
function of changing resource dispersion. Model diver-
gence was measured as the sum of differences in fitness-
maximizing foraging strategies across all energetic (X,Y )
and temporal (d, s) states. We found that for values of
α > 10, there was negligible divergence in model results,
whereas as expected for very low values of α < 10, diver-
gence increased (fig. S1).
Home-range scaling Rodent consumers are central-
place foragers with relatively small home-ranges that are
spatially constrained by competition. Because an in-
dividual consumer can cover the same ground multiple
times within a foraging bout, resource availability is as-
sumed to scale with home-range area, such that larger
home-ranges promote increased resource availability and,
by extension, higher effective densities and encounter
rates. A number of home-range scaling exponents a have
been measured [1, 2], ranging from sub- to super-linear.
For the model presented in the main text, we use a home-
range scaling exponent a = 0.75.
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Figure S2: Sensitivity of analysis on the home-range scaling
exponent. For the model described in the main text, we use
a value of 3/4.
We examined the divergence of model results as a func-
tion of different scaling exponents, ranging from a = 0.5
to a = 1.5 (fig. S2). Smaller values of a mean that larger
consumers have only modest gains in resource availabil-
ity, whereas larger values mean that larger consumers
have much greater access to resources. For a consumer
ofM = 100g, we find that changing the home-range scal-
ing exponent has a significant, but predictable, influence
on model divergence. When the scaling exponent is small
such that availability is lowered, there are fewer changes
to fitness-maximizing strategies in poor landscapes be-
cause strategies are already optimized for low resource
availability. Under these conditions, rich environments
become less rich, such that diverence is greater. When a
is increased, resource availability is increased, and diver-
gence is similar for both poor and rich landscapes. Un-
der these conditions, divergence plateaus after the home-
range scaling exponent is above unity, as strategies for
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both poor and rich scenarios become optimized for very
high resource availability landscapes.
Appendix B: Foraging in uncertain seasons
Here we examine fitness maximizing foraging strategies
when there is significant uncertainty in seasonal transi-
tions (σ = 20; see main text for details). Seasonal un-
certainty does not change the qualitative foraging strate-
gies employed by consumers, but does impact behaviors
around the transition period. Foraging strategies can be
summarized by combinations of two sets of alternative
foraging modes: i) fallback versus replenish: whether for-
aged foods consist of fallback resources (F), or those that
can be used to replenish the cache (R), and ii) use versus
save: whether cached resources are used (U) or saved (S)
against future hardship. In poor environments, we find
that consumers actively forage across a larger range of
fat storage states during both the uncertain transition
between the pre- and full-monsoon season and the full-
and post-monsoon season (fig. S3). This effectively ex-
pands the R&S strategy that is emphasized during the
monsoon season into the pre- and post-monsoon. In rich
environments, the reverse is true such that consumers
tend to rely on their cache (if they have adequate re-
serves) during seasonal transitions.
By examining which foods consumers target when they
do forage, we observe that seasonal uncertainty does not
change the primary foods that are targeted during most
of each season (fig. S4). However we do observe that dur-
ing transition times, foraging without targeting any spe-
cific food plays a much larger role than when transitions
are deterministic. A non-targeting strategy means that
the consumer always chooses the closest resource as it
forages. When resource distributions are unpredictable,
choosing the closest food conserves time and prioritizes
fat reserves, as cacheable foods (seeds) are less common
than non-cacheable foods (leaves).
Figure S3: The proportion of states that result in active
foraging versus not foraging and relying on cache reserves
when seasonal transitions are uncertain (σ = 20). Val-
ues range from 100% states that result in actively forag-
ing (white) to 0% (dark blue). 0% active foraging implies
100% relying on cached reserves. To observe the dependence
of foraging/not foraging strategies on consumer fat (X) and
cache (Y ) states as well as environmental richness, values are
(top-left) averaged across cache states in poor environments,
(bottom-left) averaged across fat states in poor environments,
(top-right) averaged across cache states in rich environments,
and (bottom-right) averaged across fat states in rich envi-
ronments. Note that the color scale is logged to emphasize
smaller differences in consumer strategies.
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Figure S4: Top Row: Proportion of foraging states target-
ing different resources when seasonal transitions are uncer-
tain (σ = 20). Targeting options include 1) none (gray), 2)
C3 leaves (red), C3 seeds (blue), C4 leaves (green), C4 seeds
(purple). Bottom Row: Proportion of foraging states that
employ different targeting weights when seasonal transitions
are uncertain (σ = 20). Targeting weights range from none
(τ = 0; dashed gray) to perfect targeting (τ = 1; black).
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